Introduction
Breast cancer is one of the most frequent malignancies worldwide and represents an important public health problem. 1 In the past years, the molecular understanding of this disease has shed light into its heterogeneity. 2 The human epidermal growth factor receptor 2 (HER2) is a transmembrane receptor-like tyrosine kinase (RTK) overexpressed in 20%-25% of breast carcinomas. 3 It is a member of the ErbB/EGFR receptor family that also encompasses EGFR/ErbB1, ErbB3, and ErbB4. 4 Prior to the widespread use of targeted therapies, HER2-positive breast cancer was associated with more aggressive disease, poor prognosis, and resistance to chemotherapeutic agents. 5 HER2 is the only member of the ErbB family that has no known ligand, and it is thought to be primarily the preferential heterodimerization partner for other ErbB receptors. 6 In 2003, analysis of the crystal structure of HER2 revealed that the extracellular region of the receptor is in a fixed dimerization state, making it available to interact with any other ErbB RTK. This key observation led to a better understanding of the transforming capabilities of HER2 overexpression, with increasing availability to form hetero-or homodimers that lead to enhanced signaling in both the presence and absence of ligands. 7 Trastuzumab, a humanized IgG1 monoclonal antibody directed against the extracellular domain of HER2, was the first targeted therapy against HER2 to show clinical efficacy in breast cancer. 8 Multiple mechanisms of action have been pro-submit your manuscript | www.dovepress.com
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Recondo et al posed, including PI3K/Akt and MAPK signaling inhibition, antibody-dependent cell-mediated cytotoxicity exerted by the immune system, prevention of HER2 cleavage by matrix metalloproteinases, and angiogenesis inhibition. 9 While the combination of trastuzumab with chemotherapy is effective both in the advanced and the adjuvant settings, virtually all metastatic patients will eventually progress to therapy 8 and a proportion of patients will develop recurrence after postoperative treatment, 10 making de novo and acquired resistance an important clinical problem.
Preclinical studies on trastuzumab resistance have proposed several mechanisms to explain this phenomenon. These include masking of HER2 epitopes by the membrane-bound mucin MUC-4, 11 increased signaling through other ErbB receptors, 12, 13 activation of PI3K/Akt pathway by activating PIK3CA mutations and loss of PTEN, [14] [15] [16] signaling through alternative RTK families such as IGF-1, 17 and the expression of p95HER2 fragments that have lost variable portions of the extracellular domains and retain kinase activity. 18, 19 Trastuzumab emtansine (T-DM1) is one of the novel agents recently found to improve outcomes in HER2-positive breast cancer that is resistant to trastuzumab. This review focuses on the mechanism of action, early and late-phase clinical trials, and ongoing studies of T-DM1 in HER2-positive breast cancer.
Mechanism of action
T-DM1 is part of the antibody-drug conjugate (ADC) class of anticancer agents that combine cytotoxic agents with monoclonal antibodies as a means of enhancing drug delivery to specifically targeted cells. The key objective of this approach is to maximize efficacy while sparing toxicity to normal tissues. ADCs share three components: the antibody, a linker molecule, and the cytotoxic moiety.
Specificity of conventional chemotherapy relies on the fact that highly proliferative cells are more sensitive to cytotoxic effects, but this implies considerable activity on normal cells, which results in significant toxicity and partially explains the narrow therapeutic window often seen with this kind of therapy. T-DM1 results from the combination of trastuzumab and DM1, a derivative of the antimicrotubule agent maytansine, through a covalent bond, thus delivering highly effective chemotherapy to targeted cells and sparing unwanted adverse effects. Preclinical research identified a synergistic interaction between antimicrotubule agents and trastuzumab, 20 and clinical efficacy of maytansine in breast cancer was confirmed in Phase I and II trials, but its poor tolerability limited its use in further research. 21, 22 The selection of trastuzumab as the antibody in T-DM1 is based on the low levels of HER2 expression in the normal cells compared to the breast cancer cells. 23 In addition, the tumors that progress on trastuzumab-based therapy continue to express high levels of HER2, 24 which enables T-DM1 to exert activity in cases of trastuzumab-resistant disease. The trastuzumab antibody in T-DM1 maintains its affinity to HER2 epitopes, and T-DM1 sustains the trastuzumabmediated effects in cell signaling and antibody-dependent cell-mediated cytotoxicity. 25 The linker molecule used in ADCs is of utmost importance, as the early release of the active agent in circulation decreases specificity and increases the likelihood of systemic toxicity. DM1 is bound to lysine residues in trastuzumab by N-succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC). The mean ratio of DM1 to trastuzumab molecules is 3.5:1. DM1 is inactive while bound to the conjugate in circulation and gains activity when released inside the cancer cells.
The initial process involves receptor-mediated internalization of the drug into endosomes, which deliver the ligand-bound receptors to the lysosome compartment. Then, lysine-N-SMCC-DM1 is released upon proteolytic degradation. 26, 27 Active metabolites are absent in the presence of lysosomal inhibitors, further supporting this observation. Upon intracellular release, DM1 binds to the Vinca site at microtubules resulting in the inhibition of polymerization. Cell cycle arrest at G2/M checkpoint leads to apoptotic cell death. In addition, treatment of xenografts with T-DM1 resulted in cell death by mitotic catastrophe, and impaired intracellular trafficking by microtubule disruption could also explain T-DM1 activity on the nondividing cells.
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Phase I trials
The first T-DM1 Phase I trial in humans intended to evaluate safety, pharmacokinetics, and activity of the drug in patients with advanced HER2-positive breast cancer. 29 Twenty-four patients who had progressed on trastuzumab-based therapy (median of four prior chemotherapy agents) received escalating doses of trastuzumab emtansine, from 0.3 mg/kg to 4.8 mg/kg on an every-3-weeks scheme. Premedication was not routinely used for the first infusion, which was given over 90 minutes. Reversible thrombocytopenia was dose limiting at 4.8 mg/kg; it was estimated that the maximum tolerated dose was 3.6 mg/kg, with a half-life of 3.5 days. Common drug-related adverse events observed were grade 1-2 thrombocytopenia, elevated liver enzymes, nausea, asthenia, and anemia. A possible explanation for transaminase elevation 
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T-DM1 in HER2-positive breast cancer includes internalization of T-DM1 into the Fc receptor-bearing Kupffer cells with subsequent release of free DM1 into the local liver microenvironment. No cardiac effects requiring dose modification were reported. One patient experienced a serious adverse event (grade 3 pulmonary hypertension) considered to be possibly drug related. In terms of efficacy, the clinical benefit rate (defined as objective response plus stable disease at 6 months) among 15 patients treated at 3.6 mg/kg was 73%. Five objective responses were recorded. The response rate in patients with the measurable disease was 44%. The trial concluded that the dose for further study was 3.6 mg/kg every 3 weeks. Regarding toxicity, T-DM1 was associated with mild, reversible toxic effects, with a robust clinical activity in a heavily pretreated patient cohort.
The second Phase I trial included a weekly schedule. This was a multicenter, open-label, dose-escalation study. 30 The aim was to assess the safety, tolerability, or pharmacokinetics of T-DM1 administered weekly or every 3 weeks in patients with HER2-positive advanced breast cancer previously treated with trastuzumab. Patients received escalating doses of T-DM1 once a week, starting at 1.2 mg/ kg. Twenty-eight patients were included, and the maximum tolerated dose was determined to be 2.4 mg/kg. Of the six patients who were enrolled in the 2.4 mg/kg cohort, only one experienced a dose-limiting toxicity in the form of grade 2 thrombocytopenia that led to dosing being held on day 8 of cycle 1. In contrast, two of three patients who received T-DM1 at 2.9 mg/kg dose experienced adverse events preventing retreatment on day 8 of cycle 1. Population pharmacokinetic modeling and in vitro studies suggest that altered platelet production by megakaryocytes, rather than an effect on circulating platelets, likely accounts for the observed thrombocytopenia. Grade ≥3 adverse events were reported in 19 (67.9%) patients. Treatment-related adverse events occurred in 25 (89.3%) patients. In general, the tolerability of T-DM1 weekly appeared to be similar to that of T-DM1 every 3 weeks. Objective partial tumor responses were reported in 13 (46.4%) patients, and the 6-month clinical benefit rate was 57.1%. The authors concluded that a weekly dose of T-DM1 at 2.4 mg/kg had antitumor activity and was adequately tolerated.
Phase II trials
Based on the results from the Phase I studies described above, it became clear that T-DM1 was well tolerated at 3.6 mg/kg every 3 weeks and with sufficient efficacy in patients with HER2-positive metastatic breast cancer who were previously treated with trastuzumab. Phase II studies were logically conducted to further assess and define the safety and efficacy of T-DM1.
Burris et al 31 reported a single-arm Phase II study that assessed efficacy and safety of T-DM1 at 3.6 mg/kg every 3 weeks in a population of patients with HER2-positive advanced breast cancer who had tumor progression with HER2-directed therapy and chemotherapy. A total of 112 patients were included and treated, with a follow-up of ≥12 months. Interestingly, the median number of systemic agents previously used in the metastatic setting was five and 60% of patients had received lapatinib. The objective response rate (ORR) was 25.9% (95% CI 18.4%-34.4%). The median duration of response was not reached as a result of insufficient events (lower limit of 95% CI 6.2 months), and the median progression-free survival (PFS) was 4.6 months (95% CI 3.9-8.6 months). The response rates were higher among patients with confirmed HER2-positive tumors. The ADC was well tolerated without dose-limiting cardiotoxicity. Most adverse events were of grade 1 or 2. The most frequently observed grade 3 or 4 adverse events were hypokalemia (8.9%), thrombocytopenia (8.0%), and fatigue (4.5%). Hypokalemia was intriguingly not associated with vomiting, diarrhea, or diuretic use. Thrombocytopenia was not associated with serious bleeding. The most commonly reported hemorrhagic adverse events were grades 1-2 epistaxis, recorded in 34% of patients. No cases of grade 3 decline in left ventricular ejection fraction or symptomatic heart failure were observed. No patients discontinued treatment as a result of cardiotoxicity. Regarding pharmacokinetics, systemic exposure to DM1 was consistently low and repeated T-DM1 administration did not result in DM1 accumulation. The authors concluded that in heavily pretreated patients with HER2-positive metastatic breast cancer, T-DM1 administration resulted in an appreciable number of objective responses and was well tolerated. In a post hoc exploratory analysis, response rates in patients who previously received both lapatinib and trastuzumab were not much different from the overall population.
Another single-agent study of T-DM1 at 3.6 mg/kg every 3 weeks in a more homogeneous patient population showed similar activity. 32 This Phase II trial, in contrast to the previous one, required that all patients had received several drugs, including trastuzumab, lapatinib, a taxane, an anthracycline, and capecitabine. The primary objectives were overall response rate by independent review and safety. The study included 110 patients, and the overall response rate was 34.5%, with a clinical benefit rate of 48.2% and a median PFS of 6.9 months. In 80 patients with confirmed HER2-positive 
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Recondo et al tumors, the response rate was 41.3% and the median PFS was 7.3 months. Interestingly, a response rate of 20% was observed in 15 patients designated as HER2 normal on central laboratory retesting. This observation might suggest that HER2 expression below the currently used clinical threshold may be enough to confer sensitivity to T-DM1. The most common adverse events of any grade were fatigue (61.8%), nausea (37.3%), and thrombocytopenia (38.2%), and the most frequent grade ≥3 events were thrombocytopenia (9.1%), fatigue (4.5%), and cellulitis (3.6%). Thrombocytopenia infrequently led to T-DM1 discontinuation or dose reduction.
Given the encouraging results described earlier, a randomized Phase II trial was launched in the first-line setting. One hundred and thirty-seven patients with HER2-positive recurrent locally advanced or metastatic breast cancer were randomly assigned to trastuzumab combined with docetaxel (HT) or T-DM1 as the first-line treatment. 33 The primary end points were investigator-assessed PFS and safety. The median PFS was 9.2 months with HT and 14.2 months with T-DM1 (hazard ratio [HR] 0.59, 95% CI 0.36-0.97). Interestingly, the ORR was 58.0% (95% CI 45.5%-69.2%) with HT and 64.2% (95% CI 51.8%-74.8%) with T-DM1. In addition, the immunoconjugate had a favorable safety profile compared with HT, with fewer grade 3 adverse events (46.4% vs 90.9%) and serious adverse events (20.3% vs 25.8%). There were no reports of symptomatic congestive heart failure. The most common adverse events reported in the T-DM1 group were fatigue, nausea, increase in liver transaminases, pyrexia, and headache. The favorable safety profile observed with T-DM1 appeared to translate into superior global quality of life. Preliminary overall survival (OS) results were similar between the treatment arms. The limitations of this study included principally its open-label design and a primary end point of investigator-assessed PFS.
Phase III trials
The EMILIA trial was the first Phase III study to demonstrate the clinical efficacy of treatment with T-DM1 in the metastatic setting. 34 This randomized, international, open-label clinical trial evaluated the efficacy of T-DM1 versus lapatinib and capecitabine in the second-line treatment in patients with unresectable, locally advanced, or metastatic HER2-positive breast cancer who had progressed on previous treatment with taxanes and trastuzumab. This study compared treatment with T-DM1 to the standard second-line therapy, lapatinib (1,250 mg daily) combined with capecitabine (2,000 mg/ m 2 ). The primary end points were PFS assessed by independent review, OS, and safety. The trial rapidly enrolled 991 patients in 32 months and randomized them in a 1:1 ratio to T-DM1 monotherapy or the combination standard secondline therapy. Both arms in the study were well balanced, with a high proportion of visceral metastasis (67% and 68%).
With a median follow-up of 19 months, treatment with T-DM1 improved PFS from 6.4 months to 9.6 months (HR 0.65, 95% CI 0.55-0.77, P<0.001). Most importantly, patients in the T-DM1 group experienced prolonged OS (30.9 months vs 25.1 months, HR 0.68, P<0.001). The estimated 1-year and 2-year survival rates were 85.2% and 64.7% for the T-DM1 arm and 78.4% and 51.8% for the control arm. The ORR was also improved with T-DM1 (43.6% vs 30.8%, P<0.001), mainly due to partial responses. Complete responses were rarely achieved in both groups, but the median duration of response was also increased with T-DM1 (12.6 months vs 6.5 months). Patients experienced different toxicities, the most common being grade 3 and 4 adverse events with T-DM1, thrombocytopenia (12.9%) and elevated liver transaminase (7.2%), compared to hand foot syndrome (16.4%) and diarrhea (20.7%) in the control arm. Cardiac toxicity was similar between the groups. Patient-reported outcomes also favored T-DM1 with prolonged time to symptom worsening with a median time of 7.1 months versus 4.6 months (HR 0.796, P=0.021). 35 Based on the improved efficacy and toxicity profile of T-DM1 as a second-line treatment, the US Food and Drug Administration approved this treatment on February 2013 in patients who had received trastuzumab and a taxane. This was the first chemotherapy-linked monoclonal antibody approved in the cancer treatment.
T-DM1 proved to be an effective drug in the treatment of metastatic HER2-positive breast cancer after progression to trastuzumab over lapatinib. Nevertheless, the effect of this drug on patients who had progressed after treatment with lapatinib and trastuzumab was unknown. Sequential treatment with T-DM1 after lapatinib and trastuzumab could potentially improve disease control in these patients. The TH3RESA trial was a Phase III, open-label, multicenter clinical trial that aimed to answer this question. 36 The trial compared treatment with T-DM1 with the physician's treatment of choice in patients with metastatic HER2-positive breast cancer who had progressed on treatment with lapatinib and trastuzumab in the metastatic setting and a taxane in any setting. The study co-primary endpoints were PFS assessed by the investigator and OS in the intention to treat population. Patients were randomly assigned in a 2:1 ratio to treatment with T-DM1 at 3.6 mg/kg every 21 days or treatment of physician's choice that was restricted to single-agent, approved 
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T-DM1 in HER2-positive breast cancer chemotherapy; single-agent or combined HER2-directed therapy; combination of chemotherapy and HER2-directed therapy; or hormonal therapy for hormone receptor-positive disease. Patients continued treatment until disease progression or unmanageable toxicity. This trial completed accrual between September 2011 and November 2012. Based on the data reported in the EMILIA trial, in September 2012, the trial was amended to allow crossover to T-DM1 in patients who had disease progression in treatment of physician's choice. The trial randomized 602 patients, 198 to the physician treatment choice of whom 44 patients crossed over to treatment with T-DM1 at the data cutoff. The patient characteristics were even between the arms, including number of previous regimens for advanced disease, hormone receptor status, and visceral disease involvement. There was a slightly higher proportion of patients with previously treated symptomatic brain metastasis in the physician's treatment choice arm (14% vs 10%). Most patients in the control arm (83%) were treated with HER2-directed agents in combination, the most common being trastuzumab and chemotherapy (68%) and lapatinib with trastuzumab (10%).
PFS was increased with T-DM1, 6.2 months versus 3.3 months (HR 0.528, P<0.0001). This was sustained even when compared to the group of patients receiving trastuzumab in the physician's choice group, as prespecified. This benefit was also independent of hormone receptor status, number of previous treatments, the status of visceral metastasis, and the presence of previously treated brain metastasis. The final OS analysis was recently reported in San Antonio and showed a significantly longer survival with T-DM1 (median 22.7 months) compared with the control arm (median 15.8 months, P=0.0007). 37 The toxicity profile was quite similar to the reports of the EMILIA trial, the most common adverse events being asthenia and thrombocytopenia (15%), though grade 3 and 4 thrombocytopenia was 5%. Globally, severe adverse events were more frequent in the physician's treatment choice arm. Cardiac toxicity was similar between the arms, probably due to a high proportion of patients receiving trastuzumab in the control arm. However, three patients died due to the study drug from pneumonitis, hepatic encephalopathy, and subarachnoid hemorrhage. The latter was secondary to grade 4 thrombocytopenia in a patient receiving anticoagulant therapy. Oncologists should be cautious when prescribing T-DM1 with anticoagulants based on this potential interaction. This study confirmed the efficacy of T-DM1 after previous anti-HER2 therapy, reverting previously described mechanisms of resistance in many patients and encouraging investigators to continue testing the drug in the first-line setting.
The MARIANNE trial is the first Phase III study to assess the efficacy of T-DM1 in the first-line setting. 38 This trial randomized 1,095 patients with metastatic HER2-positive breast cancer to treatment with trastuzumab and a taxane (HT), T-DM1 plus placebo, or T-DM1 plus pertuzumab. The primary objective of the trial was PFS, noninferiority, and superiority, assessed by an independent review. Secondary end points were OS, ORR and patient safety, tolerability, and patient-reported outcome. The characteristics of patients were well balanced between the groups. A total of 44-45 patients per arm did not receive any prior therapy. The median PFS was 13.7 months with HT, 14.1 months with T-DM1, and 15.2 months with T-DM1 and pertuzumab. Both T-DM1-containing arms demonstrated noninferior PFS to that of the control arm. However, treatment with T-DM1 alone or combined with pertuzumab was not superior to HT. There was no difference in OS or response rate; however, patients responding to T-DM1 had a longer duration of response than those responding to HT. There were fewer high-grade adverse events in patients treated with T-DM1 versus HT. Neutropenia and diarrhea were more common in patients treated with HT, and thrombocytopenia was more common in patients treated with T-DM1. It is difficult to put in context the results of MARIANNE for the first-line treatment of HER2-positive metastatic breast cancer when one considers the outstanding results from the CLEOPA-TRA trial, which recently established the combination of trastuzumab, pertuzumab, and docetaxel as the first-line treatment in this setting. In the CLEOPATRA trial, at an updated median follow-up of 50 months, the median OS was improved from 40.8 months with trastuzumab and docetaxel to 56.5 months when pertuzumab was added (HR 0.68, P<0.001). 39 Thus, one of the limitations of MARIANNE was the absence of an arm containing trastuzumab, pertuzumab, and a taxane, which would have helped in further defining the role of T-DM1 in the first-line setting. The clinical impact of MARIANNE resides in the lack of benefit of adding pertuzumab to T-DM1 or T-DM1 alone compared to the historical standard of a taxane and trastuzumab. The equivalent results between the T-DM1 arms show no additional benefit with the addition of pertuzumab, demonstrating that the differential biological action of dual HER2 blockade depends largely on the partner drug. These results reject the simplistic idea that T-DM1 is a taxane combined with trastuzumab and teach us about the complexity of the HER2 activation pathway. Given Abbreviations: C, capecitabine; H, trastuzumab; HER2, human epidermal growth factor receptor 2; HR, hazard ratio; L, lapatinib; MBC, metastatic breast cancer; NR, not reached; NS, nonsignificant; OS, overall survival; P, pertuzumab; PFS, progression-free survival; T, taxanes; T-DM1, trastuzumab emtansine.
the lack of benefit seen with the addition of pertuzumab to T-DM1, it is unlikely that a future clinical trial would compare this combination with the CLEOPATRA regimen, leaving T-DM1 solely as an indication in the second-line setting and beyond. Table 1 summarizes the results of the three Phase III trials of T-DM1 mentioned earlier. A surprising finding in all of these studies, including CLEOPATRA, is that the absolute magnitude of improvements in OS are greater than the absolute magnitude of improvements in PFS, as measured by months. This observation is seen across all lines of therapy and contrasts with the survival benefits seen with other drugs in breast cancer. The reasons for the discrepancy between the absolute benefit in PFS and OS are unclear; it is possible that by blocking HER2 in different mechanisms with these novel agents, the cancer cells may be more sensitive to postprogression treatments. However, none of the trials have published details about subsequent therapies and their impact on survival, making the interpretation of these findings more difficult.
Multiple clinical trials are currently ongoing in different settings evaluating T-DM1 alone and in combination with pertuzumab and other potential targets in breast cancer ( Table 2 ). The results of three main Phase III trials -KATH-ERINE, KAITLYN, and KRISTINE -evaluating the role of T-DM1 in the neoadjuvant and adjuvant settings are eagerly awaited. These large adjuvant trials have the potential to improve outcomes in HER2-positive breast cancer beyond trastuzumab, which has been the standard adjuvant treatment for more than a decade.
Mechanisms of resistance to T-DM1
Although most patients with HER2-positive breast cancer will derive benefit from treatment with T-DM1 as shown in the abovementioned studies, unfortunately resistance eventually develops and remains a substantial problem.
Resistance also affects patients who despite being HER2 positive will not experience any benefit from the therapy. The exact molecular mechanisms by which the cancer cells are refractory to the cytotoxic activity of T-DM1 are largely unknown. However, several hypotheses have been formulated based on the mechanism of action of the drug and on data collected from clinical trials. Since binding of T-DM1 to the HER2 epitopes is a required first step in the cytotoxic process, one of the 
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Recondo et al postulated resistance mechanisms is that cancer cells lose the HER2 expression, therefore preventing the binding of the drug and posterior internalization. There are preclinical models of T-DM1 resistance that show clear downregulation of the expression of HER2, which are in line with this hypothesis. 40 However, retrospective data have shown that patients who develop disease progression after T-DM1 can still respond to other HER2-targeted agents. 41 This suggests that either the loss of HER2 expression may not be involved with resistance or other mechanisms beyond downregulation of HER2 may be more relevant. The factors that affect intracellular levels of DM1, such as poor lysosomal degradation of T-DM1 and drug efflux pumps, might confer tumor resistance by preventing the drug reaching cytotoxic intracellular levels. 25 Another mechanism of resistance could be related to alterations in the Vinca site at microtubules, affecting the mechanism of action of microtubule inhibitors like DM1. Finally, neuregulin b1, which is the ligand of HER3, can inhibit the cytotoxic activity of T-DM1 in breast cancer cell lines. 42 On the other hand, a recent exploratory analysis of the EMILIA trial suggested that PIK3CA mutations might not be associated with T-DM1 resistance. 43 
Conclusion
The treatment of HER2-positive breast cancer is changing rapidly. Although the target has not changed, our understanding of the tumor biology and signaling pathways in HER2-positive tumors has increased tremendously. This now includes new ways of targeting HER2, with the goals of not only inhibiting its signaling but also using it as a selective target for the delivery of chemotherapy. T-DM1 has unique characteristics that have been shown to be efficacious for the treatment of metastatic breast cancer and to address resistance to trastuzumab. Studies have shown that T-DM1 is safe, with thrombocytopenia and elevated transaminases being the most important side effects. The benefits in OS are of greater magnitude than the benefits in PFS. However, several questions remain to be answered. There is an urgent need to identify mechanisms of resistance to T-DM1, which should be analyzed in future studies. The results of ongoing trials will assist us in further defining the role of T-DM1 in HER2-positive breast cancer and provide insights into the population of patients who derive the greatest benefit from this drug.
